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We calculate the momentum given to a proto neutron star during the first 10 seconds after 
temperature equilibrium is reached, using recent evidence of sterile neutrinos and a measurement of 
the mixing angle. This is a continuation of an earlier estimate with a wide range of possible mixing 
angles. Using the new mixing angle we find that sterile neutrinos can account for the observed 
pulsar velocities. 
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I. INTRODUCTION 

It has been observed that many pulsars move 
with much greater velocities than other stars in our 
galaxy. This is called the pulsar kick. See Ref. |l| for 
a review. Since neutrinos produced by the URCA 
process dominate the emission of energy during the 
first 10 seconds after the collapse of a heavy star, and 
for electrons in the lowest Landau level the direction 
of motion is aligned with the strong magnetic field, 
it was expected that active neutrino emission would 
account for the pulsar velocities. It was shown, how- 
ever, that due to the small mean free path of active 
neutrinos this does not workjl, 0]. Using the mod- 
ified URCA process, it was shown that active neu- 
trino emission might account for the observed pulsar 
velocities during the period of about 10 to 20 sec- 
onds, when the surface of the neutrino sphere is at 
the surface or the proto-neutron starQ. 

A few years ago an experiment by the MiniBooNE 
Collaboration^ found that the data for electron 
neutrino appearance showed an excess at low ener- 
gies, in comparison to what was expected in the stan- 
dard model. This is consistent with the earlier LSND 
experiment ^Gj. An analysis at that timeQ indicated 
that there are either one or two sterile neutrinos, 
but only could extract a wide range of mixing an- 
gles. Due to the long mean path compared to active 
neutrinos, this suggests that sterile neutrinos could 
account for the pulsar kicks. This possibility was 
confirmed 3, but due to the uncertainly in mixing 
angle the results could not be compared to observa- 
tions. Prior to this pulsar kicks from heavier sterile 
neutrinos, possibly dark matter, was estimated for a 



range of parameters 0. 

Recently the mixing angle in a 3-1-1 scenerio has 
been determined with much greater accuracy puj. 
Last year there was a new analysis of short- baseline 
neutrino oscillation data[ll| in which a 3-1-2 scene- 
rio is preferred. In the present work we will make 
use of the theoretical formulation of Ref 8] with the 
new mixing angle result dO], calculate the pulsar ve- 
locity as a function of temperature, and compare to 
observations. 



II. ASYMMETRIC STERILE NEUTRINO 
EMISSIVITY AND PULSAR VELOCITIES 



Within about 10 seconds after the collapse of 
a large star about 98% of neutrino emission oc- 
curs, with neutrinos produced mainly by URCA pro- 
cesses. Due to the strong magnetic field, neutrino 
momentum asymmetry is produced within the neu- 
trinosphere if the electron is in the lowest Landau 
level, but with a small mean free path they are emit- 
ted only from a small surface layer of the neutri- 
nosphere, and the pulsar kick cannot be accounted 
for. If the electron neutrino oscillates to a sterile 
neutrino, the mean free path is much greater, and 
pulsar velocities consistent with observation are pos- 
sible, as found in Ref[8]. To determine the pulsar 
velocities as a function of pulsar luminoscity or tem- 
perature, one must know the effective mean free path 
and the the probability, P(0), for the electron to be 
in the n=0 Landau level. The expression for the 
asymmetric neutrino emissivity and resulting pul- 
sar momentum and velocity was derived in detail in 
RefQ, and we shall therefore only give a brief re- 
view. Then the pulsar (neutron star) velocity will 
be found as a function of temperature. 
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A. Mixing Angle in Neutrinosphere Matter 



D. Neutron Star Speed = ii„s(T) 



With the mixing angle for electron, sterile neutri- 
nos {ve,Vs) in neutrinosphere matter =^m, the two 
neutrino flavors have the form 



\V2> = sinOmWe > +COSl 



7n\^ s 
Us > 



(1) 



As was shown in[^, with 6 the mixing angle 
in vacuum, sin^{29m) — sm^(20), therefore from 
Refill 

sin^{2em) ^ 0.15 ± .05 . (2) 

Note that we used0 0.004 < sin'^{2e^) < 0.2 in 
RefH 



B. Neutrino Emissivity and Pulsar Momentum 
With a Strong Magetic Field 

Using the general formulation for neutrino emis- 
sivity, see, e.g., Refs [H, [l^l, the main source of the 
asymetric emissivity that produces the pulsar veloc- 
ity is that the electron has a large probability to be 
in the lowest (n=0) Landau level, defined as P(0). A 
detailed derivation of the asymetric emissivity, e'^'^, 
is given in RefiS], with the result 



0.33 X 102iTj'P(0)erg cm 



-3 



(3) 



where Ta^ T/{10^K), with T the temperature. In 
RefsH, il P(0) was derived, with the result that 
P(0) ~ 0.4, in agreement with Ref.[9]. From this 
and Eq.([3]) one finds for the proto neutron star mo- 
mentum 



Pn 



^3.3 X lO^irJerg cm" 



(4) 



where Vef / is the effective volume for the emissivity. 



C. Estimate of Veff= Effective Volume for 
Emission 

Veff, the volume at the surface of the neutri- 
nosphere from which neutrinos are emitted, is given 
by the mean free path of the sterile neutrino, Ag, and 
the radius of the neutrinosphere [1]: 



(5) 



with As = X/ sin? (29), where A is the active neutrino 
mean free path. 



Using pns = MnsVns and Eas (|4l5p . with the mass 
of the neutron star taken as Mns = Mgun = 2 x lO'^'^ 
gm, one finds with sm^(20)=.15 



22.3 x 10"^( 



T 



. km 



(6) 



During the early stages after the collapse of a mas- 
sive star temperatures T=20 MeV are expected|9|]- 
With T = 10 to 20 MeV the pulsar velosijies, with 
le to the uncertainty iii-<?m3(20), are 
1. These result G^iiff^m--cOTnpared to 
n of luminoscity. 



a 50% rangll 
shown in Fig. 



the pulsar velocity data as a 
as shown inW?. 2. 
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FIG. 1: The pulsar velocity as a function of T for 
sin'^{2e) = .15 ± .05 




FIG. 2: Pulsar velocity vs luminoscity, Ref[i4 
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III. CONCLUSIONS 

As can be seen in Fig. 1., pulsar velocities of over 
1000 km/s are predicted from sterile neutrino emis- 
sion with the mixing angle recently measured [loj. 
Therefore, sterile neutrino emission can account for 
the large pulsar velocities for high luminoscities 
(large T as in Fig. 1) that have been measured, 
as shown in Fig. 2. This is a possible explanation of 
a puzzle that many have tried to explain for decades. 
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